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Objectives

The primary objective of the research was to perform ground-based analysis and experiments
on the interaction and coalescence of spherical drops (or bubbles), leading to macroscopic phase
separation (Figure 1). Migration of the drops occurs as a result of the individual and collective
action of gravity and thermocapillary effects. Larger drops migrate faster than smaller ones,
leading to the possibility of collisions and coalescence. Very small drops also undergo Brownian
motion, which also may lead to collisions and coalescence.

Accomplishments

The population dynamics equations for homogeneous dispersions having no spatial variation
or phase separation were solved for droplet growth due to the separate effects of Brownian,
gravitational and thermocapillary motion and coalescence (Wang & Davis, 1993) and due to the
combined effects of thermocapillary and gravitational motion and coalescence (Zhang et al.,
1993). Included among the key results are the discoveries of thermocapillary repulsion, in which
a highly conducting small drop will move faster than a nearby larger drop, thereby preventing
coalescence, and of a collision-forbidden region, which occurs for antiparallel alignment of the
temperature gradient and gravity vector due to the different dependencies of gravitational and
thermocapillary relative motion on the separation distance of two drops or bubbles.

A theoretical analysis was performed (Wang & Davis, 1995) for nonhomogeneous
dispersions undergoing simultaneous phase separation and drop motion and coalescence due to
gravity. The average drop size and rate of phase separation initially increase due to coalescence,
and then decrease due to the larger drops moving out of the suspension (Figures 2 and 3). The
volume fraction of the dispersed phase continuously decreases, as the drops rise or settle out of
the dispersion (Figure 4). A key dimensionless parameter, N: = T/t , representing the ratio of
sedimentation and coalescence time scales, governs the process. Larger values of this parameter
indicate more coalescence.

Experiments to observe drop coalescence and phase segregation due to gravity were
performed with 1,2-propanediol drops in dibutyl sebacate and with an aqueous biphase mixture of
1% dextran and 6.5% polyethylene glycol by weight (Davis et al., 1994; Wang & Davis, 1996b)
As seen in Figure 5-7, the results are in good agreement with the theory and have been used to
infer values for the composite Hamaker constant, which represents the strength of the attractive
van der Waals forces.

Studies to predict the collective effects of Brownian diffusion and gravitational or convective
motion on drop coalescence rates were also performed (Wang ef al., 1994; Zinchenko & Davis,
1994, 1995; Wang & Davis, 1996a). It was found that the synergistic coalescence rates are
higher than the individual coalescence rates added together (Figure 8).

Theoretical work on the effects of drop deformation on the interaction and coalescence of
two drops in buoyancy-driven motion was also initiated. An asymptotic theory predicts that small
deformations inhibit coalescence (Rother et al., 1997). Thus, an attractive van der Waals force is
necessary for coalescence. A fully three-dimensional, boundary-integral numerical method has
been developed for large deformations (Zinchenko et al., 1997). Drops with moderate or large
viscosity are predicted to elongate and break during the interaction (Figure 9), while bubbles tend
to align and eventually coalesce (Figure 10). Related work was also undertaken on the interaction
of two deformable drops in axisymmetric thermocapillary motion (Zhou & Davis, 1996).
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Fig. 1 - Schematic of the time evolution of the phase separation process due
to the simultaneous migration and coalescence of rising drops or bubbles.
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Fig. 2 - Predicted time evolution of the average drop
radius at height z/H = 0.5 for a dispersion having
viscosity ratio p = 0.1, and initial dimensionless

standard deviation O = 0.2.
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Fig. 4 - Predicted variation of volume fraction with
position at different times for a dispersion having no=
0.1, = 0.2, and N, = 20.
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Fig. 3 - Predicted rate of phase separation versus time
for a dispersion having p = 0.1, O = 0.2 (solid lines),
O = 0.1 (dashed lines), initial volume fraction ¢, =
0.05, and different N, in a container of finite depth.
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Fig. 5 - Evolution of the average drop radius at z = 2.5
cm for an initial dispersion of 3.4% by volume of 1,2-
propanediol drops in a dibutyl sebacate matrix with
10.4 cm total height. The solid curve is the theoretical
prediction and the solid circles are the experimental
results.
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Fig. 6 - Volume percentage of dispersed phase versus
distance from the bottom of the cuvette for dextran-rich
drops at ¢, = 0.065 in a PEG-rich continuous phase
with total height H = 17 cm, at t= 15, 30, 45, 60, 120,

and 240 min (top to bottom).
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Fig. 8 - The collision efficiency as a function of the
relative Péclet number for drops with size ratio A =
0.25, viscosity ratio i = 10, and no interdroplet forces.
The solid line represents the exact solution, the dotted
line represents the additivity approximation, the dashed
line is the Brownian collision efficiency, and the
dashed-dotted line is the gravitational collision
efficiency.
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Fig. 7 - The height of the lower phase versus time for
an initial dispersion of 3.4% by volume of 1,2-
propanediol drops in a dibutyl matrix with 14.5 cm
total height; the filled circles represent the
experimental measured data, the four solid curves
represent the theoretical results withA =5 x 107, 5 x
10, 1 x 10" erg, and O (no van der Waals forces),
respectively, from top to bottom, and the dashed curve
represents the results for no coalescence.
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Fig. 9 - Boundary-integral simulation of the stretching
and impending breakup of a small drop by a larger drop
(not shown) rising past it, for p= 102, ay/ay = 0.7, and
capillary number Ca = 0.72.

Fig. 10 - Boundary-integral simulation of the deformation-induced alignment
of two rising bubbles with p= 10, ay/a, = 0.7, and Ca = 0.72.



